The 'Hill-Robertson (HR) effect' describes that linkage between sites under selection will reduce the overall effectiveness of selection in finite populations. Here we discuss the major concepts associated with the HR effect and present results of computer simulations focusing on the linkage effects generated by multiple sites under weak selection. Most models of linkage and selection forecast differences in effectiveness of selection between chromosomes or chromosomal regions involving a number of genes. The abundance and physical clustering of weakly selected mutations across genomes, however, justify the investigation of HR effects at a very local level and we pay particular attention to linkage effects among selected sites of the same gene. Overall, HR effects caused by weakly selected mutations predict differences in effectiveness of selection between genes that differ in exon-intron structures and across genes. Under this scenario, introns might play an advantageous role reducing intragenic HR effects. Finally, we summarize observations that are consistent with local HR effects in Drosophila, discuss potential consequences on population genetic studies and suggest future lines of research.
Introduction
In the context of discussing the advantage of sexual organisms compared to asexuals, Fisher (1930) presented one of the first arguments on the evolutionary effect that selection at one locus impinges on other loci. that the prospect of a beneficial mutation ultimately prevailing, and so leading to evolutionary progress, depends upon the presence of other mutations in the population: the presence of either beneficial or deleterious mutations in the genetic background would slow down the fixation of a beneficial mutation, reducing the rate of adaptive evolution.
The Hill-Robertson effect and the effective population size In a fundamental study, Hill and Robertson (1966) used computer simulations to investigate multilocus interactions under realistic conditions, including selection and recombination in finite populations. In particular, Hill and Robertson studied a case with two loci with the possibility of random genetic drift, where they investigated the probability of fixation of a beneficial mutation in the presence of another segregating beneficial mutation. The study confirmed Fisher's predictions and showed that selection at one locus interferes with selection at a second beneficial mutation reducing its probability of fixation. That is, in natural populations (with finite size), selection at more than one site should cause an overall reduction in the effectiveness of selection. The magnitude of this effect depends on selection intensities and the initial frequencies of the alleles. More important, the degree of interference increases with genetic linkage between the loci under selection. The corollary of these observations, called 'the Hill-Robertson (HR) effect' by Felsenstein (1974) , states that linkage between sites under selection will reduce the overall effectiveness of selection in natural populations (Hill and Robertson, 1966; Birky and Walsh, 1988) .
Interestingly, Hill and Robertson (see also Robertson (1960 Robertson ( , 1961 ) rationalized the effects of interference among multiple loci under selection in terms of the increased (heritable) variance in fitness caused by selection in the genetic background, equating this to an increase in genetic drift relative to conditions with selection acting solely at one site. Thus the concept that interference between sites under selection will cause a reduction in the efficacy of selection can be investigated in terms of reduced effective population size (N e ) that defines the increased genetic drift associated with a particular mutation or site. A more general description of the HR effect is then often presented in N e terms: in the presence of selection N e will vary with recombination, with reduced N e in genomic regions with reduced recombination rates relative to genomic regions with higher recombination (Hill and Robertson, 1966; Felsenstein, 1974; Birky and Walsh, 1988; Charlesworth et al., 1993; Kliman and Hey, 1993b; Hilton et al., 1994; Kondrashov, 1994; Caballero and Santiago, 1995; Barton, 1995a; Otto and Barton, 1997; Wang et al., 1999) .
The concept of N e was introduced by Wright (1931 Wright ( , 1938 as an attempt to parameterize the dynamics of a complicated population process under an idealized evolutionary model (that is, the Wright-Fisher model). The study of the HR effect in terms of variation in N e is convenient because it describes a reduction in effectiveness of selection (expressed by the product of N e and the selection coefficient s; g ¼ N e s) and also forecasts testable predictions about the level of intraspecific neutral variation y (described by the product of N e and the mutation rate u; y ¼ 4 N e u in diploids). As we discuss below, variation in N e is indeed a useful simplification of the process caused by interference between sites under selection, although the HR effect generates population dynamics that cannot be solely described by differences in N e (Comeron and Kreitman, 2002) .
HR and the advantage of recombination
The two most prominent features of Hill and Robertson's study are (1) finite populations and (2) selection acting simultaneously at more than one locus. Clearly, these two features make the analysis of the HR effect particularly pertinent to the study of the evolution of recombination and to the limits of selection and adaptation in real biological systems (Haldane, 1957; Felsenstein, 1974; Felsenstein and Yokoyama, 1976; Barton, 1995a, b; Barton, 1997, 2001; Otto and Lenormand, 2002; Barton and Otto, 2005; Roze and Barton, 2006) . Felsenstein (1974) examined the HR effect in the context of the evolutionary advantage of recombination, arguing that recombination breaks down negative linkage disequilibrium (LD) generated by selection and random genetic drift, thereby increasing the rate of adaptation (the probability of fixation of beneficial alleles). Otto and Barton (1997) pioneered analytical approximations that showed the advantage of modifiers for increased recombination in a two-locus case in finite populations. Later studies have presented more sophisticated analytical predictions and/or simulated more complex scenarios (Hey, 1998; Otto and Barton, 2001; Iles et al., 2003; Barton and Otto, 2005; Keightley and Otto, 2006; Martin et al., 2006; Roze and Barton, 2006) . Altogether these studies have deepened our appreciation of the decisive role that finite population size and selection at multiple loci play explaining the advantage of sex and recombination.
HR and other models of linkage and selection The HR effect is often used to describe the consequences of linkage reducing the effectiveness of selection regardless of the selective regime. The HR effect, as originally described (Hill and Robertson, 1966; Felsenstein, 1974) , is specific in that it is caused by the segregation of mutations under selection. Strongly selected mutations (either beneficial or deleterious) are not expected to segregate within a population for long and hence the HR effect is frequently associated with weak/moderate selection, when N e plays a role on the fate of selected mutations.
It must be emphasized, however, that interference between segregating mutations is not the only selective paradigm that forecasts variation in N e (and consequently in polymorphism and effectiveness of selection) in association with variation in recombination rates (that is, the consequences of the HR effect). Muller's ratchet (Muller, 1964) describes the stochastic accumulation of deleterious mutations as a consequence of drift and complete linkage in a model with deleterious mutations (no advantageous or back mutations, ever). The hitchhiking (HH) and pseudohitchhiking (pHH) models describe the spread of strongly favorable mutations (selective sweeps), possibly dragging deleterious mutations to fixation while eliminating extant variability, including other advantageous alleles (Maynard Smith and Haigh, 1974; Kaplan et al., 1989; Gillespie, 2000; Kim and Stephan, 2003) . The background selection (BGS) model focuses on negative selection on strongly deleterious mutations and the consequent removal of linked neutral and weakly selected mutations from populations (Charlesworth et al., 1993; Charlesworth, 1994; Hudson and Kaplan, 1995) . The differences among these models can be attributed to the particular selective scenarios rather than to their qualitative consequences. All of these models, to a different degree, predict that genetic linkage will cause a reduction in N e and, consequently, reduced levels of neutral polymorphism, efficacy of selection and rate of adaptation; that is, in one way or another, all predict the general HR effect.
Genomic units associated with the HR effect
The positive relationship between recombination and N e predicted by these models of selection and linkage is not trivial because it changes the genomic units classically associated with the advantage of sex and recombination. The general concept of N e (Wright, 1931 (Wright, , 1938 ) is connected to diverse species-specific factors (unequal number of the two sexes, temporal variation in census population size, variance in mating success and so on), all of them with genome-wide consequences. Debates over the consequences of recombination (or lack thereof) in sexual and asexual organisms often invoke differences in N e (all else being equal) and effectiveness of selection that apply to whole genomes. In species with sexual reproduction, different chromosomes usually vary in recombination rates per physical unit. Recombination rates also vary along chromosomes in the great majority of species, and this variation can occur over rather short physical distances. For instance, Cirulli et al. (2007) recently showed that crossover rate varies from 1.4 to 52 cM Mb À1 within a 2 Mb region in Drosophila pseudoobscura. Therefore, HR effects predict not only a 'species' N e but an N e that will vary systematically within a genome, following changes in recombination. In all, the HR effect implies a change in the genomic units traditionally associated with N e and effectiveness of selection, from whole genomes to chromosomes to chromosomal regions involving several genes. As reviewed below, the HR caused by weak selection further refines the genomic scale of HR effects, playing a previously unrecognized role at a much more local scale, the scale of individual genes, individual exons or even shorter distances across exons (Comeron et al., 1999; Comeron and Kreitman, 2002) .
Direct and indirect evidence of HR in eukaryotes
Several lines of evidence support the concept that HR effects play a detectable role influencing the effectiveness of selection and N e . Theoretical predictions forecast that mutations under weak selection will be highly sensitive to small differences in N e and therefore they represent the ideal type of mutations to investigate the consequences of HR (Ohta and Kimura, 1971; Li, 1987) . In Drosophila, as well as in many other species, weak selection can be investigated by studying synonymous mutations and synonymous codon usage (Moriyama and Hartl, 1993; Kliman and Hey, 1993b; Akashi, 1995 Akashi, , 1996 Powell, 1996, 1998; Akashi and Schaeffer, 1997; Powell and Moriyama, 1997; Comeron et al., 1999; Kliman, 1999; Kreitman, 2000, 2002; Begun, 2001; McVean and Vieira, 2001 ). Kliman and Hey (1993b) presented the first genomic analysis designed to investigate variation in effectiveness of selection in association with changes in rates of crossover, showing a reduced degree of adaptation to optimal synonymous codon usage in genes located in genomic regions with reduced rates of crossing-over in D. melanogaster.
More recent studies have confirmed the main observation of reduced selection at synonymous sites in regions with strongly reduced rates of recombination, even after correcting for possible nonselective influences on nucleotide composition (Kliman and Hey, 1993a; Comeron et al., 1999; Zurovcova and Eanes, 1999; Comeron and Kreitman, 2002; Hey and Kliman, 2002; Marais and Piganeau, 2002; Marais et al., 2003; Haddrill et al., 2007) . It should be noted however that the relationship between codon bias and recombination rate in Drosophila could also be influenced by nonselective factors. For instance, biased resolution of heteroduplex DNA that arises during crossover may have evolutionary effects that mimic weak selection (Nagylaki, 1983) . In some eukaryotes heteroduplex DNA appears to be biased toward resolution as a GC base pair (that is, GC-biased gene conversion) and one could propose that the same bias might occur in Drosophila, explaining a positive relationship between recombination rate and use of preferred (G-and C-ending) codons (Marais et al., 2001 (Marais et al., , 2003 Marais and Piganeau, 2002; Kliman and Hey, 2003a) . Nevertheless, a GC-biased gene conversion model (Nagylaki, 1983) predicts that noncoding regions would show (1) a continuous increase in G þ C content with recombination and (2) a reduction in rates of evolution in genomic regions with high recombination and G þ C content. In D. melanogaster, the correlation between recombination rate and either codon bias or noncoding G þ C content is not observed in regions with very high recombination rates (Kliman and Hey, 2003) and substitution rates at noncoding regions are not reduced in regions with high recombination (Singh et al., 2005) . Altogether, these observations are more consistent with a relaxation of long-range HR effects in regions of high recombination coupled with a recent increase in mutational biases toward AT (Kern and Begun, 2005; Akashi et al., 2006) .
Other studies support the detectable role of HR effects across genomes, with variable efficacy of selection in regions with different rates of recombination. Analyses of rates of protein evolution between Drosophila species show that genes located in genomic regions with strongly reduced recombination have an excess of fixed deleterious mutations and a deficit of fixed advantageous mutations compared to highly recombining genomic regions (Hilton et al., 1994; Takano, 1998; Comeron and Kreitman, 2000; Betancourt and Presgraves, 2002; Zhang and Parsch, 2005; Haddrill et al., 2007) . Also, the study of recent nonrecombining chromosomes (for example, neo-Y chromosome in Drosophila miranda) reveals an equivalent pattern with reduced effectiveness of selection (Bachtrog and Charlesworth, 2002; Bachtrog, 2003) . Finally, artificial selection experiments have revealed that recombination favors the response to selection, increasing the rate of adaptation while populations with nonrecombining chromosomes accumulate deleterious mutations (Carson, 1958; Felsenstein, 1965; McPhee and Robertson, 1970; Rice, 1994; Barton and Charlesworth, 1998; Lynch, 1998; Fridolfsson and Ellegren, 2000; Rice and Chippindale, 2001) .
The approximation that HR causes a reduction of N e is further validated by studies of the level of neutral polymorphism (y) across genomes. Genomic regions with reduced rates of crossing-over, and likely overall recombination, show reduced neutral y in many different eukaryotic genomes (Aguadé et al., 1989; Stephan and Langley, 1989, 1998; Berry et al., 1991; Begun and Aquadro, 1992; Martin-Campos et al., 1992; Langley et al., 1993; Aguadé and Langley, 1994; Stephan, 1994; Aquadro et al., 1994; Moriyama and Powell, 1996; Nachman, 1997; Dvorak et al., 1998; Kraft et al., 1998; Nachman et al., 1998; Zurovcova and Eanes, 1999; Bachtrog and Charlesworth, 2000; Przeworski et al., 2000; Andolfatto and Przeworski, 2001; Baudry et al., 2001; Jensen et al., 2002; Wang et al., 2002; Cutter and Payseur, 2003) . Mitochondrial genomes, which lack recombination in many species, also show reduced level of polymorphisms (Weinreich and Rand, 2000) . In Drosophila, as in most organisms investigated, such a reduction in levels of polymorphism cannot be accounted for by reduced mutation rates since there is no decline in rates of neutral divergence in most species (this is however not the case in primates (Hellmann et al., 2003) ). Altogether, these studies support the concept that genetic linkage reduces N e in the presence of selection (Maynard Smith and Haigh, 1974; Ohta and Kimura, 1975; Birky and Walsh, 1988; Kaplan et al., 1989; Stephan et al., 1992; Charlesworth et al., 1993; Gillespie, 1994; Hudson and Kaplan, 1995; Nordborg et al., 1996; Barton, 1998; Przeworski et al., 2000) .
The Hill-Robertson effect caused by many weakly selected mutations
This review focuses on the Hill-Robertson effect generated by weak/moderate selection. Weakly selected mutations are of particular interest for at least two main reasons. First, genomes are likely to contain a large number of weakly selected sites, with a significant fraction of segregating genetic variation under weak selection. Second, weakly selected sites are likely to be physically clustered in exons and regulatory regions. This physical clustering is expected to amplify the HR effect because it decreases the opportunity for recombi-nation events. The abundance and clustering of weakly selected mutations warrants the investigation of the broader implications of interference among these mutations, including a possible explanation for observed patterns of adaptation, levels of extant variation at genes and flanking neutral regions, and specific features of gene and genome architecture. That is, in this review we will use the term HR to specifically address the consequences of interference caused by linkage between multiple weakly selected sites. Although not discussed here we would also like to indicate that in finite populations selection at one locus might (under certain circumstances) influence the effectiveness of selection at genetically unlinked loci (Robertson, 1960 (Robertson, , 1961 Cohan, 1984) , a possibility that has not been fully explored. Hill and Robertson (1966) indicated that no algebraic solution to the study of interference between sites under selection in finite populations was available at that time, and that most of the information had to come from Monte Carlo simulations of the evolutionary process. Substantial advances have been made with analytical frameworks now describing two-locus scenarios that include selection, drift and partial or total linkage (Otto and Barton, 1997; Barton and Otto, 2005; Roze and Barton, 2006) . Unfortunately, there is no general analytical treatment describing the dynamics of interference among many alleles under selection and drift, with variable degrees of selection and linkage. Thus, forward computer simulations are still fundamental to the study of realistic situations. We will review simulation results of this evolutionary interference and discuss genomic and evolutionary patterns observed in Drosophila that support the concept that evolutionary patterns and rates, as well as some genomic and gene features might be shaped by the collective effects of many weakly selected mutations.
Multilocus forward simulations
In general, forward computer simulations follow a Wright-Fisher model, with an ideal population (diploid or haploid) and constant populations size (N) that undergoes repeated cycles of mutation, possibly recombination, random mating, selection and sampling (Felsenstein, 1974; Li, 1987; Hey, 1998; Comeron et al., 1999; Gillespie, 2000; McVean and Charlesworth, 2000; Tachida, 2000; Weinreich and Rand, 2000; Piganeau et al., 2001; Comeron and Kreitman, 2002) . Each new generation is obtained by choosing 2N chromosomes with probability proportional to their relative fitness and randomly pairing these 2N chromosomes. The mutational process allows for two (or more) allelic states at a site that are beneficial (preferred) or detrimental (unpreferred).
As noted by Hill and Robertson (1966) , and as predicted by diffusion theory (Ewens, 1979; Li, 1987) , the evolutionary process of mutation, selection and recombination can be 'completely described' by the product of N e and individual rates or coefficients: mutation rate (u), selection coefficient (s) and recombination rate (c). Hence, the evolutionarily pertinent parameters to study the effects of mutation, selection and linkage can be described as y (y ¼ 4 N e u in diploids), g (g ¼ N e s) and r (r ¼ N e c), respectively. At a practical level, the simulation of a relatively small population can give us quantitatively valuable information on much larger, natural populations, as long as y, g and r are kept constant and y is small. Further, simulation times increase exponentially with N as both the time per generation, the number of generations required to obtain equilibria (410N/y; (Tachida, 2000) ) and the number of generations between independent measures (4N generations apart) increase with N. In practice, the smallest simulated population size is somewhat restricted by the sample size (n) used to estimate intraspecific variables (estimates of polymorphism, frequency of variants, LD and so on). This is because several of these estimates are somewhat biased when n represents a large fraction of the population, usually 45% of the simulated number of chromosomes (Tachida, 2000; Comeron and Kreitman, 2002) .
The selective model applied in these simulations can vary extensively. For instance, Li (1987) investigated haploid populations with either additive or multiplicative effects over sites. Multiplicative and additive effects (over sites) predict fitness with i preferred sites (F i ) of (1 þ s) i and 1 þ is, respectively and the fitness effect for each additional preferred variant F i þ 1 /F i is (1 þ s) for the multiplicative and (1 þ s/(1 þ is)) for the additive models. Therefore, multiplicative effects over sites is a required selective regime when trying to investigate the possible HR effects of an increasing number of sites under selection (Piganeau et al., 2001) ; the use of additive effects would decrease the degree of selection per site with increasing number of sites beyond the possible influence of HR effects (decreasing the effectiveness of selection). Most simulation studies of the HR effect have assumed diploid populations, semidominance (or genic selection) and multiplicative effects over sites.
Simulation results of the HR effect
The first multilocus simulation of weakly selected mutations with beneficial and deleterious variants at mutation-selection-drift equilibrium was presented by Li (1987) . Li's simulations showed that under complete linkage the proportion of sites with the beneficial or preferred variant at equilibrium decreased when the number of sites under selection increased. This result was consistent with the interpretation of the HR effect, according to which linked selected sites cause a reduction in selection intensity. The simulation of 300 linked sites under weak selection (g ¼ Ns ¼ 2) suggested a reduction in frequency of preferred sites equivalent to a reduction of B35% in N e relative to theoretical predictions of the mutation-selection-drift (MSD) model for single sites (see Table 1 ).
Later, multilocus simulations of diploid populations assuming semidominance and multiplicative effects over sites showed that the reduction in N e was observed, not only with linked sites, but under a wide, realistic range of recombination rates (Comeron et al., 1999) . As the number of sites under weak selection increased, the frequency of preferred sites decreased for any given recombination rate, including expected rates for species such as Drosophila. Based on these simulation results, Comeron et al. (1999) proposed that HR effects could have a detectable influence at a very local and/or genespecific level, as opposed to chromosomal or regional effects as previously assumed. Indeed, HR effects acting at a gene-specific scale could explain unexpected patterns of divergence, polymorphism and codon bias in Drosophila genes. Rates of synonymous evolution (Ks) increase with the length of coding sequence (CDS) and levels of synonymous polymorphism have been found to be lower in genes with reduced codon bias (Comeron and Aguade, 1996; Moriyama and Powell, 1996; Comeron et al., 1999) . Also, measures of codon usage bias decrease as the length of CDSs increase in Drosophila as well as in other eukaryotes (Moriyama and Powell, 1998; Comeron et al., 1999; Duret and Mouchiroud, 1999) . Altogether, these features were inconsistent with classic models of weak selection for single sites (MSD model), but directly predicted by a model with local HR effect, with variable N e (and y and g) in association with genespecific features such as CDS length. Tachida (2000) , McVean and Charlesworth (2000) and Kreitman (2000, 2002) extended the analysis of HR effects using forward simulations to study multiple population and evolutionary parameters. These studies focused on levels of polymorphism and divergence, frequency distribution of mutations, average fitness, patterns of linkage equilibrium, heterogeneous effects across regions and possible effects of gene architecture. The major results of these multilocus studies are summarized below, with three variables always at play: (1) the number of sites under selection (L), (2) selection intensity (g) and (3) recombination (r). We pay particular attention to the consequences of HR effect that cannot be solely explained in terms of reduction in N e . For illustrative purposes, we show expectations under MSD (in the absence of interference) equilibrium (Figure 1 ) and the simulation results for a case with complete linkage, variable L and 4g ¼ 4 (Figure 2) .
HR reduces the frequency of sites with the beneficial/ preferred variant Under MSD, the frequency of sites with the beneficial or preferred variant (P) increases with selection relative to the frequency expected purely by mutational tendencies (Figure 1a ) (Li, 1987; Bulmer, 1991; McVean and Charlesworth, 1999) . Linked sites under selection easily cause detectable HR effects and make P to be smaller than that predicted by MSD. Increasing L increases HR and reduces P, particularly when L450. (Figure 2a ) (Li, 1987; Comeron et al., 1999; McVean and Charlesworth, 2000; Comeron and Kreitman, 2002) . To better quantify the consequences of HR it is informative to study the relative Tajima, 1989) values. Because D is influenced by the number of segregating sites (S) and HR also varies S, we have followed Schaeffer (2002) and used a modification of Tajima's D statistic (Dsn) that is independent of S and n to better investigate the frequency of mutations in a sample. Dsn is calculated as the ratio of Tajima's D to its theoretical minimum value (Schaeffer, 2002) , where Dsn ¼ (ak-S)/(ak min -S), k min ¼ 2S/n and a ¼ P nÀ1 i¼1 1 i . reduction in N e that would cause the observed reduction in P (N e (P) in Figure 2 ). In this case, with 4g ¼ 4 and complete linkage, simulations of 100 sites generate a P that is expected for N e (and g) that is 67% of its original value; one million linked sites cause a very strong HR effect, with an N e and effective g only 5% its original value (see also McVean and Charlesworth, 2000) . For any given g, the longer the sequence under selection, the greater the reduction in P (Figure 3a) . Interestingly, this reduction in P is not constant across g and Figure 3b illustrates this point by showing P relative to its expected value under MSD; the largest reduction in P is observed at intermediate selection intensities (see also (McVean and Charlesworth, 2000) ). This is because the expected increase in P with g is not linear (Figure 1a) , but is rapid for small selection intensities (4go2) and very slow for larger selection intensities (4g45). Figure 3c depicts these theoretical expectations when N e is reduced by a factor f (f ¼ 0.75 or f ¼ 0.5), with an expected maximum reduction in P (DP) when 4g is between 1 and 4. In other words, the study of HR effects based on changes in the frequency of the beneficial variant (in our case P) will be most informative when selection intensities are intermediate (within the realm of weak selection; 0.1ogo10).
Increasing recombination reduces HR, for any given L and/or g, and makes the observed P closer to that predicted by MSD (Figure 4) (Comeron et al., 1999; McVean and Charlesworth, 2000; Comeron and Kreitman, 2002) . When the number of sites is small, recombination mostly restores the frequency of preferred sites expected under MSD. For sequences with many sites under selection, however, even realistically high levels of recombination for most species are not sufficient to completely remove the effects of interference. The magnitude of these residual effects will depend on selection intensity, with maximum consequences for intermediate (4g 
HR reduces polymorphism levels (but not always)
According to MSD predictions, polymorphism levels (as measured by estimates of y) at sites under weak selection decrease relative to neutral levels (y 0 ) when selection increases (Figure 1b) . The expected influence of HR effects on y is however not direct because a reduction in N e has a dual effect. On the one hand, a reduction in N e results in a reduction in neutral polymorphism (y 0 ) and, hence, it will reduce the maximum level under MSD. On the other hand, a reduction in g will result in an increase in y relative to its maximum, neutral value (y/y 0 ). In all, theory predicts that the cumulative effect of the reduction in N e reducing both y 0 and g will always be the reduction in y (Figures 5a and b ) (Comeron and Kreitman, 2002) ; only a reduction in g that is not associated with a reduction in N e can cause an increase in y. If HR would exert its effects solely through the reduction in N e , the only possible expected outcome is a reduction in y and never an increase. Figure 2b shows how increasing the number of sites alters the observed y, making it smaller than that predicted by MSD when 4g ¼ 4. Interestingly, McVean and Charlesworth (2000) showed that this is not always the case. Figure 6 depicts the influence of different g on the relative y, showing that y does not always decrease due to HR. When L ¼ 1000 there is a reduction in y for 4go5 but y is higher than expected by MSD predictions for 4g45. Note also that the precise value of 4g at which y crosses MSD expectations depends on the number of sites under selection. These results on y are the first that suggest that HR effects due to weak selection cannot be solely explained by a reduction in N e . 
HR increases the frequency of rare mutations
According to the MSD model, the frequency of mutations (that is, derived states at polymorphic sites) will decrease when selection intensity increases. This leads to negative Tajima's D (Tajima, 1989) values, a measure of the deviation in allele frequency spectrum from neutral expectations (Figure 1c ). Note that we have used a modification of Tajima's D statistic (Dsn) that is not influenced by the number of segregating sites or number of chromosomes (Schaeffer, 2002) ; see legend in Figure 1c for details). A modified Dsn independent of the number of segregating sites is necessary when comparing D values, because HR reduces the number of segregating sites (see above). The consequences of a reduction in N e (and g) are expected to generate Dsn values closer to those expected under neutrality (less negative). Simulations show that when HR effects are weak (Figure 2c ; Lo500) Dsn tends toward the neutral expectation, but becomes more negative than expected when HR effects are more noticeable (L41000). Equivalent results are observed for different g (0.5o4go10; data not shown) (McVean and Charlesworth, 2000; Tachida, 2000; Comeron and Kreitman, 2002) . The reduction in allele frequencies due to HR effects are contrary to the proposal that HR effects can be investigated simply (and fully) as phenomena caused by a reduction in N e .
HR produces heterogeneous effects across regions under selection, with strongest effects in the central region
The detection of an influence on HR effects by just doubling the number of sites suggested the possibility that sites at the center of a region under selection might show stronger effects than sites at the edge of these same regions (which, in an ideal case, should be influenced by half of the neighboring sites under weak selection). Comeron and Kreitman (2002) found that under realistic conditions of recombination (at least for Drosophila), the center of a region under uniform selection showed reduced P, reduced y and ratios of polymorphism to divergence (rpd) closer to neutral expectations relative to the edge of these same regions. These results suggest that HR effects might have very local effects, not only explaining differences in N e and effectiveness of selection among genes but also showing variation across exons. Figure 7 shows the 'center effect' on polymorphism. As expected, complete linkage does not produce any heterogeneity across the region under selection. For weak selection under MSD, the difference in y between central and lateral regions increases with intermediate recombination rates and mostly disappears with high recombination rates (r40.04) when the physical range of interference is expected to be minimal. For intermediate ranges of recombination (rB0.004-0.04) and weak selection, there is a B4% reduction in y in the central region compared to the lateral regions. In terms of expected variation in efficacy of selection and N e across regions, the differences are fairly small under the selective scenario investigated but measurable.
Neutral regions embedded in regions under selection ameliorate HR effects As a complementary analysis to the results described above, simulations show that the insertion of a neutral sequence into the selected sequence noticeably increases selection intensity, leading to higher P in the regions under selection (Comeron and Kreitman, 2002 ). This effect is entirely due to physical separation of selected sites that allows for increase in recombination, relieving the effects of interference. As expected, the magnitude of these effects depends on both the selection coefficients and recombination rates. With high recombination, short intervening neutral sequences suffice to cause evolutionary independence between the two regions under selection. As recombination rates decrease, more neutral sites are needed to eliminate interference between regions.
HR increases negative linkage disequilibrium
The results of two-locus simulations by Hill and Robertson (1966) indicated that as linkage between the selected loci becomes tighter, the LD becomes more negative (more frequent associations between preferred and unpreferred alleles). McVean and Charlesworth (2000) showed that an equivalent outcome is observed in multilocus simulations, with the extent of LD becoming more negative as distance between selected sites decreases. Increasing any of the three parameters that cause HR (number of sites, selection or genetic linkage) causes an increase in negative LD (Comeron and Kreitman, 2002) .
HR affects adjacent neutral sites
The influence of selection on linked neutral sites has usually been associated with strong selection on either favorable (the HH and pHH models) or deleterious mutations (the BGS model). The study of neutral sites adjacent to regions under weak selection shows that HR can also reduce levels of neutral polymorphism when these neutral sites are physically close to the region under selection (Comeron and Kreitman, 2002) . Figure 7 shows the influence of HR on neutral polymorphism (y 0 ) for different recombination rates (r). The strongest reduction in neutral polymorphism is observed under the same conditions that maximize the effect of HR at selected sites: large number of selected sites and low recombination. Increasing recombination leads to a gradual increase in levels of neutral polymorphism, with faster recovery to neutral levels at sites that are farthest away from the region under selection. Notably, intermediate recombination rates (4g ¼ 2; r ¼ 0.004) cause a substantial effect on y 0 at neutral sequences immediately adjacent to the region under selection, with a reduction of B17% in 250 bp regions adjacent to a region with L ¼ 2500 and a reduction of B8% at a distance of 1000 sites from the region under selection. The frequency of neutral segregating mutations is also influenced, showing a negative Dsn close to the regions under selection (data not shown). Parallel to a reduction in polymorphism and an excess of rare mutations at neutral sites, HR also causes an excess of LD in these adjacent neutral sequences. As noted by Birky and Walsh (1988) , however, substitution rates at neutral sites do not change under HR conditions. Therefore, neutral sites influenced by local HR will show lower rpd than neutral sites not influenced by HR (Comeron and Kreitman, 2002) .
In all, these simulation results demonstrate that models invoking strong selection (that is, the HH, pHH or BGS models) are not the only ones that can generate a reduction in neutral polymorphism in regions with reduced recombination. Further, HR may (under certain circumstances) cause a reduction in rpd and an excess of rare variants, two features usually associated with recent events of positive selection and selective sweeps. That is, results of simulations indicate that the HR effect should be considered as a possible cause of departures from neutral expectations when population genetic analyses suggest positive selection, particularly in regions adjacent to exons and genes (see below). The quantitative influence of selection at coding regions on adjacent possibly neutral sites will require further simulation and theoretical analyses.
HR can only partially be explained in terms of increased drift and reduced N e The results of simulations described above show that many population features caused by HR are congruent with expectations associated with a reduced N e , the approach originally proposed by Hill and Robertson (1966) that has been widely accepted since. Indeed, reduced levels of polymorphism and effectiveness of selection with increasing interference (increasing linkage and/or the number of sites) are two features qualitatively in agreement with reduced N e .
Nevertheless, an excess of rare variants and increased LD not only at sites under selection, but also at linked neutral sites, evidence dynamics that cannot be fully explained by reduced N e and, in fact, are opposite to predictions based solely on reduced N e . Also, the analysis of P and y under HR provide incongruent estimates of N e (McVean and Charlesworth, 2000) . For instance, when L ¼ 10 000 with complete linkage (Figure 2) , estimates of N e represent 42 and 28% of the original N e when P and y are used, respectively. Another approach to investigate the underlying causes associated with HR is the analysis of the time to fixation of advantageous mutations and simulation results show that HR causes weak mutations to take longer to be fixed than expected purely based on estimates of N e (using either P or y; Williford and Comeron, unpublished data). In conclusion, the simulation results show that HR cannot be solely explained and investigated as a driftenhancing mechanism equivalent to a simple reduction in N e . The population dynamics under HR interference is compatible with a dynamic 'allelic traffic', with many partial selective sweeps that infrequently reach fixation unbroken due to appearance of slightly deleterious mutations in the same chromosome (Comeron and Kreitman, 2002) .
Simulation results of the HR effect caused by many deleterious mutations Recently, Loewe and Charlesworth (2007) have investigated the possibility that many moderately deleterious mutations could also generate HR effects at a very local genomic scale. Loewe and Charlesworth use simulation approximations to expand the standard BGS model to incorporate moderate/weak negative selection coefficients (with g41) and, interestingly, include the effects of both crossover and gene conversion. Their results show that most of the intragenic patterns generated by HR effects among very weakly selected mutations can also be expected in a model with only weakly deleterious mutations under realistic conditions of mutation, selection and recombination for Drosophila. In fact, heterogeneity of HR effects across regions under selection is predicted to be more extreme under this 'moderate' BGS scenario. Additional studies are needed to fully appreciate the influence of moderate selection under a BGS model relative to or in combination with other selective regimes that incorporate beneficial mutations.
Genomic and evolutionary analyses
The results of simulations summarized above provide a coherent picture of the effects that selection acting at many weakly selected sites can potentially impinge on patterns of variation and genome structure. But as with any other theoretical framework, the question is whether this model of selection is not only reasonable but realistic, congruent with observed patterns of variation and genome architecture in actual species. Below we summarize several observed correlations that are consistent with the effects produced by HR due to weak selection (see Figure 8 ).
As indicated, three different observations in Drosophila prompted the investigation of HR as a possible mechanism with gene-specific effects: (1) the level of synonymous polymorphism is positively correlated with codon bias while theoretical predictions under MSD forecast a negative relationship (Moriyama and Powell, 1996) , (2) gene length is positively correlated with Ks (Comeron and Aguade, 1996; Comeron and Guthrie, 2005) and (3) gene length is negatively correlated with codon usage bias (Moriyama and Powell, 1998; Comeron et al., 1999; Duret and Mouchiroud, 1999) . These three patterns suggest a reduction in effectiveness of selection in long genes associated with a reduction in N e , as expected by local HR effects. As indicated above, a posteriori simulations showed that HR caused by weak selection could generate such patterns using reasonable parameters for recombination, selection and drift.
The study of evolutionary patterns across genes is particularly appropriate to investigate HR effects because genomic or transcriptional influences can be assumed to be equivalent. Synonymous codon usage bias across long exons in D. melanogaster shows a reduction in codon bias in the central region that suggests a reduction of B10% in g relative to the edges of these same exons (Comeron and Kreitman, 2002) . Moreover, the reduction in the effectiveness of selection in the central region increases with the length of the coding region as predicted by HR effects. The observation that genes with introns show no 'center effect' across a CDS also supports this conclusion and rules out a possible inherent reduction in g in the central regions of CDS. In fact, measures of density of sites under selection (as measured by proportion of coding region in a gene) indicates reduced efficacy of selection at the level of codon bias with increasing density of selected sites under weak selection (Comeron and Kreitman, 2002) . Later analyses of codon usage bias across CDSs in D. melanogaster revealed similar patterns (Qin et al., 2004) . This study reports that the center effect increases with levels of expression, as expected if selection at synonymous sites increases with expression (Duret and Mouchiroud, 1999) . Also the center effect lessens when genes with introns are included in the analysis. Interestingly, this detailed analysis shows that the center effect is accompanied by a very narrowly distributed reduction in selection at the very 5 0 and 3 0 regions, with an M-shaped distribution of codon bias along the whole CDS, with highest codon bias at B50 codons from both ends of the CDS. This observation resembles that observed in Escherichia coli and attributed to conflicting selection pressures (Bulmer, 1988; Eyre-Walker and Bulmer, 1993; Eyre-Walker, 1996) , but no direct explanation has been presented so far for Drosophila.
A recent study of divergence and polymorphism in Drosophila genes that differ in the length of their exons but with similar levels of expression and recombination rates allowed the direct comparison of Ks and diverse estimates of g based on patterns of polymorphism. The results showed a significant increase in Ks and reduced g in long exons relative to short exons and an equivalent increase in Ks and reduced g and the central region of long exons (Comeron and Guthrie, 2005) . Further, the observed 'center effect' in long exons accounts for the difference between genes with long and short exons. These results are congruent with the proposal that HR effects play a detectable role at intragenic level in Drosophila hence making CDS length, exon length and intron presence and length relevant parameters when studying the evolutionary trends associated with variation in the efficacy of selection (Comeron and Kreitman, 2002) .
In another analysis of interference selection across genomes, Hey and Kliman (2002) investigated the possibility of HR effects between adjacent genes in D. melanogaster. Codon bias was expected to decrease with gene density under HR effects and such a relationship was observed for genes that are separated by less than 2000 bp; longer intergenic sequences generated the opposite trend. This result suggests that the evolutionary parameters for recombination and selection in D. melanogaster cause HR effects that are mostly restricted to single genes with intragenic effects, while influencing a short physical distance upstream and downstream of most genes.
The patterns previously described for D. melanogaster are however not universally observed. For instance, Qin et al. (2004) investigated intragenic patterns in Saccharomyces cerevisiae and prokaryotes, showing that the center effect is not detected in these species. These results should not be taken as evidence against the existence of HR effects because they are directly predicted by the model: with rare recombination or stronger selective events (a likely scenario in species with larger N e than D. melanogaster), HR is not expected to vary intragenically but to influence larger physical distances, at the level of whole genes and/or gene density. Indeed, yeast genes in regions of increased density and those with longer CDSs show reduced codon bias (Kliman et al., 2003) , a result that is congruent with the idea that, in this species, HR has effects at the scale of whole genes or groups of genes with negligible variation at intragenic level. Alternatively the relationship between gene density and codon bias may not reflect HR, per se, but rather a distinct form of selection conflict: antagonistic pleiotropy. Kliman et al. (2003) observed that gene expression also decreased as gene density increased. While the effectiveness of selection on regulatory elements in noncoding regions shared by gene pairs might be less effective due to HR effects, it is also possible that pleiotropic effects of mutations in overlapping regulatory regions make it more difficult to fine-tune expression of closely spaced gene pairs. Further analyses are required to assess whether the observed correlation between codon bias and gene density may reflect HR effects or a more direct relationship between gene expression and gene density.
Finally, recent evolutionary studies of noncoding regions in Drosophila show a detectable fraction of mutations under purifying and positive selection, likely evidencing evolutionary trends of regulatory sequences (Andolfatto, 2005) . It is therefore possible that selection at regulatory sequences could also generate local HR effects and future evolutionary studies will assess the magnitude and distribution of these effects on population parameters. These studies should also address the possible effects that selection at exons might impinge Figure 8 Observed relationship between the length of coding sequences (CDS), recombination rate (rate of crossing-over) and the frequency of preferred codons (P) in Drosophila melanogaster (release 4; September, 2006) The recombination rate for each gene was estimated as previously described (Comeron et al., 1999) . Only genes with a single transcript and showing no overlap with adjacent genes were used in the analysis (8967 genes). Three-dimensional surface plot (quadratic fit) obtained using Statistica 6.1 (StatSoft, Inc. (2003) ).
on population parameters and estimates of selection at adjacent non-CDSs and vice versa.
Conclusions
Here we reviewed the major concepts and simulation results associated with the HR effect, focusing on those caused by weak selection at many sites, and summarized empirical observations that are both predicted by this selective scenario and observed, at least, in Drosophila. At a genomic scale, HR caused by weak selection has the potential for explaining very local patterns of polymorphism, divergence and effectiveness of selection, with variation among genes that differ in CDS length and exon-intron structures as well as variation across genes and exons. This is predicted from simulations and observed in D. melanogaster. One of the genomic consequences of HR effects at this local scale is that introns might be viewed as modifiers of recombination that lower intragenic HR effects, hence providing a possible evolutionary explanation to the origin and maintenance of introns. Although the empirical support for HR acting at a very local level across genes and genomes is notable, alternative selection regimes must also be investigated. For instance, the weak selection scenario investigated assumes beneficial and deleterious mutations with uniform selection coefficients, clearly an oversimplification of selective regimes across genes and genomes. Future simulations should incorporate more realistic spectra of selection coefficients, with deleterious and beneficial mutations and include both weak and strong selection. In all, simulation studies are highly informative describing expected trends of HR effects and provide an opportunity to design experimental analyses that will focus on quantifying these effects across genes and genomes and assess their selective causes and consequences.
